Abstract. Mine drainage flowing at approximately 2600 L/min and containing 5 to 6 mg/L of iron was treated using the influent water to power a dry chemical feed system using lime. After lime addition, the water was directed into four wetland cells with a total area of 0.40 ha. Tracer tests, using a pulse input of potassium bromide, indicated that the four-cell wetland had a detention time of approximately 8 hours. Prior to the addition of lime, the wetland received iron concentrations between 5 and 10 mg/L at a pH of 4.0 to 6.5. As the water flowed through the four wetland cells, pH remained virtually unchanged and iron was not significantly removed with typical iron removal of about 1 mg/L or less. In the summer of 2003, pebble lime (CaO) was added to the influent water using an Aquafix™ system. The system used a split of the influent water to turn a water wheel that is geared to a screw feeder located at the bottom of a hopper containing the lime, which was added at a rate of about 75 kg/day. The pH of the mine water increased from approximately 5 to between 7 and 8. Total iron concentrations were lowered from 6 mg/L at the influent to less than 0.5 mg/L at the effluent. Iron removal rates within the first wetland cell were less than 1 gd -1 m -2 without lime addition and ranged between 6 and 11 gd -1 m -2 with lime addition.
Introduction
For many abandoned coal mine sites, conventional treatment of mine drainage is cost prohibitive. Passive treatment using wetlands, anoxic limestone drains and reducing and alkalinity producing systems have been very successful at numerous sites (Watzlaf et al., 2004) .
Selection of the most effective unit operations is based on water quality. At sites receiving net alkaline or net neutral mine water, aerobic wetlands are typically used for the oxidation, hydrolysis and settling of iron. Large flows of mine water may require very large areas for effective iron removal. Often the required area is not available. In these cases, a system using the flowing water as a source of power to add an alkaline material may be more effective than a strictly passive system. These systems have been termed "semi-passive" treatment systems.
Iron removal from net alkaline mine waters is limited by the oxidation rates of ferrous iron to ferric iron. This oxidation rate is extremely dependent on pH. Typically, net alkaline mine drainage has a pH of about 6.0. As the water flows through ponds and wetlands, carbon dioxide is removed and pH increases, typically to about 7.0. Most active mine drainage treatment plants operate at a pH of 8.0 to 8.5 for rapid oxidation of ferrous iron. Semi-passive systems can use water power to add lime in order to reach the pH values necessary for rapid iron oxidation, thereby reducing the area required for ponds and wetlands. In the summer of 2003, lime was added to the influent water using the system shown in Fig.   2 . The lime treatment system used is a medium-sized Aquafix™ unit consisting of an overshoot water wheel, which is geared to a screw feeder placed at the bottom of a 1-ton hopper (see Skousen and Jenkins, 2001 ). The system is intended to feed pebble lime (CaO). The lime feed rate is controlled by the flow to the water wheel.
Site Description
Water is collected from Lorberry Creek about 200 m upstream of the treatment system. The water is piped from this point, which is about 8 m higher in elevation than the berm of cell 1. A small split of the water is taken from the main line for turning the water wheel. An additional split of water is piped to the trough located under the lime hopper to aid in carrying the lime to the pond. The remaining flow (>95%) travels down the main flow pipe and into the beginning of cell 1. At the end of the main flow, a 45 degree elbow is used to direct this flow to the point were the solid lime enters cell 1 to minimize any accumulation of lime solids. Water samples were collected at the influent to cell 1 and at weirs 1 -4 (see Fig. 1 ). Each sample consisted of an unfiltered, acidified sample and a filtered, acidified sample. An ampoule containing 2.0 mL of concentrated hydrochloric acid was added to each 125-mL sample bottle.
Methods
This was sufficient acid to lower the pH to less than 1. Filtered samples were filtered through 0.45 micron syringe filters prior to acidification. Field pH was measured using a calibrated portable pH/ISE meter. Concentrations of Fe, Ca, Mn, Al, and S were determined in both the filtered and unfiltered samples using Inductively-Coupled Argon Plasma -Atomic Emission Spectroscopy. Prior to the addition of lime, in March 2002, a tracer test was conducted at the site to determine the detention times for each of the four wetland cells. Potassium bromide was used as the tracer. A total of 9.07 kg of KBr was dissolved in 38 L of deionized water and stirred until completely dissolved. The tracer solution was added to the influent over a period of less than 1 minute (i.e., pulse input). Influent mine water flow measurements were taken before and periodically during the tracer test. Samples were collected at all four weirs prior to addition of tracer and at 30 minute intervals after addition. Two 125-ml samples were collected: one for immediate Br analysis in the field, and one to be analyzed in the laboratory. Field Br measurements were made using a selective ion electrode and were used as a guide in the field to determine sampling times. Ten hours (600 min.) after tracer addition, automatic samplers were set up at effluent of cells 1 and 4 to collect samples every 60 minutes during the overnight hours.
The next morning, at 1540 minutes after tracer addition, final samples were collected "manually" at all four cells. Selected samples were analyzed in the laboratory for Br by ion chromatography.
Results and Discussion
Results of the tracer test are shown in Fig. 3 and 4 . All bromide concentrations used in these graphs were based on laboratory analyses. Background levels of bromide averaged about 0.1 mg/L and this amount was subtracted from all measured concentrations prior to graphing. The time at which the peak of the tracer concentration and time that 50% of the cumulative load of tracer passed weirs 1 through 4 are given in table 1 along with the corresponding theoretical detention times based on flow and pond volume. As expected, the system did not act like an ideal plug-flow reactor. Evidence of some short-circuiting was discovered by the presence of tracer at times shorter than the theoretical detention time. Evidence of some mixing can be inferred from the long tails of Fig. 3 . The secondary peaks at weirs 1 and 4 at about 1000 minutes can not be explained. These secondary peaks were not seen at weirs 2 and 3 because they were not sampled during this time. Total recovery of tracer at weirs 1, 2, 3 and 4 totaled Lime feed rates correlated fairly well (r 2 = 0.91) with the speed of the wheel as shown in Fig.   5 . During the duration of test 1 (Aug 20-22) and test 2 (Oct 9-10), lime was added at an average rate of 3500 g/min and 2800 g/min, respectively.
Iron concentrations versus detention times based on the tracer test results are shown in Fig. 6 and 7. Detention times were based on the time to reach the peak bromide concentration and were As can be seen in Figure 6 , total iron concentrations remain virtually unchanged as the water passes through the system when no lime is added to the water (3 -11% reduction). During the lime addition tests, however, significant reductions in total iron concentrations were achieved (86 -89%). Similar trends were noted for dissolved iron ( Aerobic wetlands have been shown to remove between 10 and 20 g/day of iron per square meter of wetland (Hedin et al., 1994) . It has been observed that these removal rates decrease with decreasing iron concentration. At the low iron concentrations at this site (<10 mg/L), iron removal rates without lime addition were extremely low, about 1 gd -1 m -2 or less (Fig. 8) . During the lime addition test, most of the iron was removed by the time the water reached the effluent of cell 1. Iron removal rates for cell 1 during lime addition ranged from 6 to 11 gd -1 m -2 .
Costs associated with the semi-passive part of this treatment system are less than conventional treatment. The Aquafix™ system with a 1-tonne hopper cost $16,000. Additional capital costs would include the pipe and valves and would be somewhat site specific depending on the distance that the water needed to be piped. Operating costs include the cost of the pebble 
Conclusions
This study determined that semi-passive treatment using a water-powered lime feed in conjunction with wetlands can be very effective for high-flow, low-iron mine discharges. An
Aquafix™ system used in combination with wetlands (0.40 ha) effectively reduced iron concentrations from between 5 -6 mg/L to less than 1 mg/L. At this particular site, this type of treatment system may be the best option available. Conventional active treatment can be very expensive and labor intensive. Passive treatment alone (without the addition of lime), would require a much larger area (up to ten times) to remove iron to less than 1 mg/L and this area was not available at this site.
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